Yersinia pseudotuberculosis, a cause of gastroenteritis and mesenteric lymphadenitis in humans (18) has many virulence factors as well as sequences in common with the two other pathogenic representatives of Yersinia, Yersinia pestis and Yersinia enterocolitica (6) . In fact, comparison of the available sequences of Y. pseudotuberculosis genes with those from the complete Y. pestis genome (http://www.sanger.ac.uk/Projects /Y_pestis/) reveals that the two species are almost identical at the nucleotide level. Moreover, it has been suggested that Y. pestis is a recently emerged clone of Y. pseudotuberculosis (1) . Despite this nucleotide similarity, the mechanisms of pathogenicity of the two species are different: Y. pseudotuberculosis and Y. enterocolitica cause gastrointestinal disease, whereas Y. pestis is the causative agent of plague.
To understand this enigma and to gain further insight into Yersinia pathogenesis, we initiated a signature-tagged mutagenesis (STM) study of Y. pseudotuberculosis and tested tagged mutants in the murine yersiniosis model of infection. STM (20) allows the simultaneous analysis of large numbers of mutants in a complex environment, such as an animal model (reviewed in reference 28). It has been used successfully in the identification of virulence-associated factors in many pathogenic bacteria, such as Staphylococcus aureus (11, 30, 45) , Salmonella typhimurium (47) , Vibrio cholerae (9) , Neisseria meningitidis (10) , Streptococcus pneumoniae (35) , Legionella pneumophila (17) , Y. enterocolitica (13) , Proteus mirabilis (55) , Mycobacterium tuberculosis (7, 12) Brucella abortus (24) , Brucella melitensis (29) , and Streptococcus agalactiae (25) .
In traditional STM experiments, a transposon (e.g., miniTn5) engineered to contain a variable 40-bp region, the signature tag, is used for mutagenesis. The variable region allows different mutants to be distinguished. The library of transposon mutants is passaged through animals, and the relative abundance of each mutant in the input and output pools is monitored by hybridization. A major drawback of the original STM technique is high variation in the signal intensities after hybridization due to variability of the tag sequences, necessitating additional rounds of screening. Mutants are frequently found to contain unamplifiable tags or no tags at all (55) . Moreover, the need to remove the invariable arms from the labeled probes before hybridization makes the use of radioactive labels necessary. In addition, colony hybridization often results in high background levels. The use of plasmids carrying transposons with selected tags combined with dot blotting with purified plasmid DNA has helped overcome some of these problems (30) , and the technique can be further improved by using membranes containing tags amplified by PCR (35) .
A recently developed and powerful tool for analyzing complex mixtures of nucleic acids is hybridization on to high-density oligonucleotide arrays (42) . Such arrays can be used to quantitatively probe hundreds of thousands of different DNA or RNA sequences in a single experiment. Using fluorescent detection methods and confocal laser-scanning devices, very low background can be achieved. As the probe sequences on the arrays are selected to have similar hybridization properties, the variability in hybridization intensity often observed when random sequences are used can be reduced. Furthermore, as probes can be selected to be unique, cross-hybridization can be minimized, allowing very complex mixtures to be analyzed.
We reasoned that high-density arrays could be combined with STM. A set of 96 mini-Tn5 transposons labeled with selected tags were constructed and used to generate a library of transposon derivatives in Y. pseudotuberculosis. The input and output pools produced after in vivo experiments were compared by hybridizing the amplified tags to high-density oligonucleotide arrays containing complementary tag sequences. This resulted in the identification of potential virulence factors in Y. pseudotuberculosis, including genes involved in lipopolysaccharide (LPS) biosynthesis and genes with unknown function. A mutant carrying a transposon insertion in a novel phospholipase gene (pldA) was shown to have diminished phospholipase activity and confirmed as a virulence determinant in Y. pseudotuberculosis.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Y. pseudotuberculosis YPIII pIB1 strain (40) was maintained in Luria broth (LB) and LB agar containing nalidixic acid (40 g ml Ϫ1 ). Escherichia coli XL2 Blue MRFЈ (Stratagene), used in cloning experiments, was grown overnight at 37°C on LB agar plates. For selection, agar plates were supplemented with kanamycin (50 g ml Ϫ1 ), ampicillin (100 g ml Ϫ1 ), tetracycline (10 g ml Ϫ1 ), or nalidixic acid. E. coli CC118(pir) (21) was used as a host strain for maintenance of the pir-dependent pUT mini-Tn5Km2 vector (14) in cloning experiments. The helper strain E. coli S17/pNJ5000 was maintained as described (19) .
Construction of double-tagged mini-Tn5 transposon mutants. Tag sequences were chosen from those that had been shown to work well in similar experiments with Saccharomyces cerevisiae (53) . In addition, common tag priming sites were chosen using the Whitehead Institute primer 3 program (http://www-genome. wi.mit.edu/cgi-bin/primer/primer3.cgi). The sequences of the 192 PCR primers (primer A and primer B) are presented elsewhere (http://www.lshtm.ac.uk/itd /units/pmbbu/karlyshev/tags.htm). Oligonucleotides were synthesized on a 96-well automated multiplex oligonucleotide synthesizer on a 7.5 M scale (27) . Initial amplification was performed in 96-well format on microtiter plates (Hybaid) using primer ak82 (5Ј-AGC CAT ATT CAA CGG GAA AC), 96 primer A's, and the pUT mini-Tn5Km2 as a template. Second-round amplification was performed in 96-well format on microtiter plates (Hybaid) using primer ak82, 96 primer B's, and 5 l of the first-round PCR product as template.
A third (fixing) PCR round was performed using primers ak86 (5Ј-GGG GTA CCG TCG ACC TGC), ak82, and 5 l of round 2 PCR product as a template. Third-round amplification products were purified on S300 microcolumns (BioRad), digested with KpnI and ClaI, ligated to gel-purified KpnI-ClaI fragment of pUT mini-Tn5Km2 vector, purified using S300, and transformed via electroporation into E. coli CC118(pir). Kan r transformants were assembled into three microtiter plates. The tag-containing regions of the recombinant plasmids were amplified using primers ak84 (5Ј-CAC TGG CAG AGC ATT ACG CTG) and p6MC (5Ј-GTC TCT TGA TCA GAT CTG GC) (Fig. 1) . The PCR products were sequenced using primer ak84.
Conjugation. Initial triple mating experiments of E. coli CC118 (pir) donor strain, transformed with the plasmids carrying tagged mini-Tn5, and Y. pseudotuberculosis using a helper strain (E. coli S17/pNJ5000) (19) were performed as described previously (32) . Direct mating experiments (without a helper strain) using E. coli 19851 pir ϩ as the donor strain were performed as described previously (31) . Exconjugants were selected for kanamycin and nalidixic acid resistance. Both the recipient strain YPIII pIB1 and the exconjugants were checked for the presence of the virulence plasmid using Congo red magnesium oxalate (CRMOX) plates (39) . All attenuated transposon derivatives grew as predominantly small red colonies, confirming that they retained the virulence plasmid.
Tag sequence detection. Genomic DNA was extracted using the PureGen kit (Flowgen). Tags were amplified using two pairs of primers: BTAG1dir (biotin-5Ј-AGA GAC CTC GTG GAC ATC A) and TAG1rev (5Ј-GTG GCA AAG CAA AAG TTC AA) for tag1 and BTAG2dir (biotin-5Ј-GTC GAC CTG CAG CGT ACG) and TAG2rev (5Ј-GAT GTC CAC GAG GTC TCT) for tag2 ( Fig.  1) using Taq polymerase Gold (Perkin Elmer). Biotinylated PCR products (10 l) were hybridized for 1 h at 42°C to high-density oligonucleotide arrays (Affymetrix) in a buffer (200 l total) containing 6ϫ SSPE (BioWhittaker), 0.005% Triton X-100, 0.5 nM control oligonucleotide 213B (which hybridizes to the corners of the array, for alignment purposes), 200 pmol of TAG2rev, 100 pmol of TAG1rev, and 200 pmol of FTAGMX4COMP (5Ј-CGT ACG CTG CAG GTC GAC). The addition of the unlabeled primers has been shown to reduce background (47a) .
Following hybridization, the arrays were washed as previously described (53) . Hybridization was visualized by staining with a streptavidin-phycoerythrin conjugate (Molecular Probes) and scanning with a modified confocal scanning device as previously described (54) . The relative signal intensities were determined using the histogram method with Affymetrix Genechip III software. FilemakerPro program was used in background subtraction and to associate the hybridization intensity data with attenuated mutants.
In vivo experiments. Three input pools containing 60, 40, and 33 transposon mutants, respectively, were constructed and stored at Ϫ70°C. Aliquots (0.1 ml) containing approximately 10 7 CFU were inoculated into 10 ml of LB and incubated with shaking overnight at 30°C. The overnight culture (2 ml) was used to inoculate 20 ml of fresh warmed LB and further incubated at 37°C for 3 h with shaking. Genomic DNA was isolated from approximately 10 8 cells and stored (input pool). Bacteria were pelleted at 3,000 ϫ g and diluted in phosphate- HIGH-DENSITY ARRAY STM FOR Y. PSEUDOTUBERCULOSIS 7811 buffered saline (PBS; Oxoid) for infection and viable count determination. Pairs of 8-week-old female BALB/c mice (Charles River Labs) were challenged intravenously (i.v.) via the tail vein with 10 5 or 5 ϫ 10 5 CFU. After 3 days, the surviving mice were culled, and spleens were removed and homogenized in 3 ml of LB using a stomacher (Seward Medical Ltd.) on maximum setting for 5 min. Dilutions of the extract were plated on LB agar containing kanamycin (LB-Kan) and nalidixic acid (LB-Nal). Plates containing approximately 10 4 colonies were washed with saline and mixed, and aliquots were taken for making lysates (for PCR) or for total DNA preparation
The median lethal dose (MLD) (the expected median dose required to produce morbidity or death based on previous experimental data) was assessed by i.v. injection of groups of five female 6-week-old BALB/c mice with serial dilutions in PBS of exponential-phase cultures grown at 37°C in LB-Nal (wild type) or LB-Nal-Kan (mutant) (37) . Humane endpoints were strictly observed, and animals deemed incapable of survival (unable to right themselves or to respond to a pinch on the foot or tail) were killed by cervical dislocation.
For in vivo competition studies, mutant and wild-type strains were grown separately to exponential phase in LB with appropriate antibiotics. Bacteria were washed with LB, and concentration was adjusted to 5 ϫ 10 6 CFU/ml. Equal volumes of each bacterial suspension were mixed together, and 0.1-ml volumes were injected i.v. into four mice as above. Viable counts on LB, LB-Nal, and LB-Nal-Kan allowed the exact input ratio to be calculated. After 3 days, spleens were recovered and passed through sieves (70 m; Becton Dickinson) to produce a cell suspension in 3 ml of LB. Homogenates were plated on selective medium to determine the output ratio. The competitive index (CI) is defined as the output ratio (mutant/wild type) divided by the input ratio (mutant/wild type). In vitro CI was determined as described (9) . Briefly, mixtures containing a mutant and the wild-type strain were inoculated into LB medium supplemented with nalidixic acid at approximately 10 4 CFU/ml. The cultures were grown overnight at 28°C, and the mutant-to-wild type ratios were determined by plating on medium with and without the selective marker (kanamycin).
Detection of transposon insertion sites and yplA gene. The genomic regions of DNA flanking the transposon were amplified using single-primer PCR (26) with primers P6U (5Ј-CGA GCT CGA ATT CGG CCT AG) and P7U (5Ј-CTG CAG GCA TGC AAG CTT CG), and sequenced with internal primers P6M (5Ј-GCC AGA TCT GAT CAA GAG AC) and P7M (5Ј-GCC GAA CTT GTG TAT AAG AGT C), respectively ( Fig. 1 ). Primers designed from the Y. enterocolitica yplA gene, yplA-dir (5Ј-CAG TGA TAA TCA ACA GTA TGT C) and yplA-rev (5Ј-CAT ACC GCC GCT CCC AAG G), were used for detection of the gene in Y. pseudotuberculosis (43) .
Sequence analysis. DNA sequencing was performed on an ABI 373 automatic sequencer using an ABI PRISM Dye Terminator cycle sequencing kit (Perkin Elmer). The sequences were analyzed using BLASTn and BLASTp software (http://www.ncbi.nlm.nih.gov/BLAST/) with a nonredundant database and with the Y. pestis genome sequence (http://www.sanger.ac.uk/Projects/Y_pestis/). The entire sequence of the Y. pseudotuberculosis pldA gene was deposited at EMBL under accession no. AJ245393.
Phospholipase detection assay. Bacterial strains were grown overnight in LB supplemented with appropriate antibiotics. Cells were washed in PBS, resuspended in 1 ml of sonication buffer (0.6 M NaCl, 0.1 NaPO 4 [pH 8]), and lysed by sonication (five 30-s bursts). Cell debris was centrifuged for 10 min at 13,000 rpm, and the supernatant was retained. Protein concentration was determined using the BCA protein assay kit (Pierce, Rockford, Ill.), and phospholipase activity was determined using the PLA 2 detection kit (Assay Designs, Ann Arbor, Mich.). Each strain was tested in triplicate, and results are expressed as units of PLA 2 per milligram of protein.
Phospholipase activity assay. Phospholipase activity towards liposomes was measured using carboxyfluoroscein (CF)-loaded liposomes composed of either egg yolk phosphatidylcholine (Lipoid) or sphingomyelin (Sigma) in a 1:1 molar ratio with cholesterol. Cell lysates (100 l) from wild-type or mutant strains were incubated with liposomes (100 l) for 15 min at 37°C in a 96-well Microfluor plate (Dynex). Fluorescent intensity was measured (excitation at 485 nm and emission at 520 nm) immediately after addition of liposomes (0 min) and after 15 min of incubation using the Fluoroskan Ascent fluorimeter (Life Sciences). A rate of activity was calculated by taking the average change in fluorescent intensity of the replicates over time (minutes) and total protein concentration (milligrams). Activity was expressed as units per milligram of total protein per minute.
RESULTS
Library construction and mutagenesis. Initial experiments using the random tagging technique resulted in variable hybridization signals in the input pools, causing difficulties in data interpretation. Sequencing the tags from different clones revealed that weak signals were due to large deletions in the variable regions, possibly a result of errors in primer synthesis, whereas exceptionally strong signals were due to the presence of an above-average GC/AT ratio in the variable regions (data not shown). To overcome these difficulties, we introduced selected tag sequences into a transposon. Tags were chosen from a yeast mutagenesis project (48) that are 20 bases long, lack sequences known to form secondary structure, have similar melting temperatures, and have a minimum of 5 bp differences between each tag. From this set of 6,000, 192 tag sequences (two per transposon) that had demonstrated strong hybridization potential were chosen. The use of two tags provided more easily interpreted results. After three amplification reactions for each of the 96, 96 purifications, 96 restriction-ligation reactions, and 96 transformations, a library of E. coli CC118(pir) carrying 96 double-tagged mini-Tn5 transposons was constructed (Fig. 1) .
To check whether the hybridization signals for different clones containing the same tags were similar in strength, the tags were amplified using biotinylated primers from three clones from each transformation and hybridized to high-density oligonucleotide arrays containing the tag complements. The arrays contain approximately 4,000 different 20-mer sequences synthesized in a spatially addressable format using photolithography and photosensitive oligonucleotide chemistry. Analysis of the scanned images for the three initial sets revealed that a large proportion of tags gave very similar signal intensities (data not shown). However, some clonal variation was also observed. Sequencing of the tags showed deletions of single bases in the tags derived from the clones with reduced During mating experiments, we encountered problems caused by frequent lysogenization of the recipient strain by the spontaneous release of pir prophage in the donor strain. Similar problems during conjugation have been described previously (46) . The frequency of ampicillin-resistant (Amp r ) exconjugants carrying markers of the delivery plasmid can be highly variable depending on the recipient strain. For example, as many as 52% of exconjugants in Vibrio cholerae were found to be ampicillin resistant (9) . For different E. coli donor strains, the frequency was shown to vary between 10 and 90% (14) . We attempted to use sodium citrate to inhibit possible phage adsorption during mating, but this completely inhibited conjugation. The addition of sodium citrate to the selective medium at a later stage increased the relative proportion of Amp s colonies but resulted in a significant decrease in the conjugation efficiency. These results imply that divalent cations are possibly required for both phage infection and conjugation.
To avoid the complications caused by potential prophage induction, we employed an E. coli 19851 donor strain with a stable pir ϩ gene (31) . Use of the donor library based on this strain resulted in a sufficient number of exconjugants. Almost all of the exconjugants in this case were Amp s , which implies that prophage induction was the reason for the observed high frequency of Amp r colonies obtained in the previous experiments. Southern hybridization and PCR experiments with the Amp r clones confirmed random insertion of the delivery plasmid, possibly due to illegitimate recombination (data not shown).
Amp s Kan r Nal r exconjugants were assembled on microtiter plates. Using CRMOX plates and agarose gel analysis of the extracted DNA, no loss of the virulence plasmid in the randomly selected exconjugants was observed. Total DNA extracted from arbitrarily selected exconjugants was used in Southern blot experiments, and the random integration of the transposon into the Yersinia chromosome was confirmed (data not shown).
Selection of attenuated mutants. Determination of the appropriate infectious dose and selection of the complexity of the input pool are critical to obtain meaningful STM data (22) . The optimal infection dose and pool complexity depend on the route of infection, the animal model, and the microorganism used (9) . To determine the optimum infection dose and the number of mutants in each dose, we varied the pool complexity between 30 and 60 clones and tested two infection doses, 10 5 and 5 ϫ 10 5 CFU. The choice of infection doses was based on the following considerations. According to the published data, the 50% lethal dose (LD 50 ) of Y. pseudotuberculosis via the i.v. route in mice is between 20 CFU (52) and 100 CFU (49). Our figure in a similar test for strain YPIII pIB1 was 51.5 CFU. In Y. enterocolitica STM experiments, the optimum infectious dose leading, to reproducible results via the intraperitoneal infection route was 100 times greater than the LD 50 (13) . We therefore chose infection doses significantly higher (varied between approximately 30 and 300 times the LD 50 per mutant in the pools) than the LD 50 in order to select mutants with severely impaired virulence properties.
Genomic DNA was isolated from an aliquot of the bacterial culture used for infection (input pool) and from bacteria recovered from spleens (output pools). Mutants with reduced survival in vivo were visually identified by comparing the scanned images from arrays that had been hybridized with tags amplified from the input pools with images obtained from two independent output pools (Fig. 2) . In addition, the hybridization intensities of different oligonucleotide sequences on the array were quantitated.
The input and output pools of the mutants were compared by hybridizing the labeled amplified tags to high-density oligonucleotide arrays (Affymetrix) containing complementary DNA sequences (Fig. 2) . The hybridization patterns were found to be reproducible (Fig. 3A to C) Fig. 3A and 3C ). For larger (or higher complexity) input pools, animal-to-animal variability was greater than tag-to-tag variability (Fig. 3D) , suggesting that there are biological limits on pool size. Mutants that showed reduced signals in the output pool for both tags in duplicate mice were selected for further analysis. Authenticity of the mutants was verified via direct sequencing of both tags after PCR amplification (data not shown).
Characterization of attenuated mutants and identification of transposon insertion sequences. Approximately 5% of 603 exconjugants exhibited a statistically valid reduction in signal intensity. Transposon insertion sites in 31 mutants were sequenced using a single-primer PCR sequencing procedure (28) The results are summarized in Table 1 . The Y. pestis genome sequence database (http://www.sanger.ac.uk/Projects/Y_pestis/) was used for identification of the corresponding genes in that pathogen. Almost 100% identity of the Y. pseudotuberculosis sequences to the Y. pestis DNA sequences implies similarity in their function.
Genes involved in polysaccharide biosynthesis. One third of the sequenced mutants had transposon insertions in genes related to polysaccharide biosynthesis (mainly LPS core or O-antigen biosynthesis). In six cases (1B3, 1D2, 1D9, 1D12-1, 3G2, and 3F3; Table 1), the genes disrupted belonged to a single characterized O-antigen biosynthesis locus of Y. pseudotuberculosis. The disrupted genes encode mannose-phosphateguanylyl transferase YPO3099 (1D12-1 and 1D2), fucose synthetase YPO3100 (3G2), LPS core biosynthesis protein YPO3104 (1B3), sugar dehydratase YPO3114 (1D9), and ascarylose biosynthesis protein YPO3116 (3F3). These genes are also present in Y. pestis. Other genes related to polysaccharide biosynthesis, such as those encoding UDP-glucose 6-dehydrogenase (1H10) and glycosyltransferase (4H9), were also identified. One mutant, 3H10, contained an insert in a putative promoter region of a single-gene operon encoding glycosyltransferase. The only mutation in an LPS-related gene which was absent in Y. pestis encoded an O-antigen transporter (5D12).
Putative virulence-related genes with orthologues in other bacteria. Putative interrupted virulence genes include those encoding phospholipase A (3F10), sensory transducer His ki- Unknown and hypothetical genes. Six mutants (1G6, 5D12, 5H10, 5B12, 1A9-1, and 1C9) contained inserts in genes with unknown function. Two of them (1C9 and 1A9-1) did not have counterparts in Y. pestis. Both of these mutants contained inserts in the region identical to an E. coli integrase-recombinase pseudogene, but actually had inserts into an adjacent region similar to an E. coli gene with unknown function. Transposon integration sites in these mutants were separated by approximately 200 nucleotides. A region flanking the insertion site in the 1G6 appeared to be unique for Yersinia, as it had 97% identity in the Y. pestis database, whereas no similarity to other bacteria was found. The genes in mutants 3C10 and 5B12 have similarities in a nonredundant database (NRDB) and also have counterparts in Y. pestis. The genes inactivated in mutants 2B3, 5G6, 1D12, and 1A9 appear to be unique to Yersinia, as FIG. 3 . Relative attenuation for different mutants from three pools. Each point represents the mean of the log of the ratio of the hybridization signal for the output pool relative to the input pool. Up to 12 measurements were collected for each mutant (tag1, tag2, etc.) for three (C), four (B), or six (A) different animals. Tags whose hybridization intensities were less than 500 (about threefold above background) in the input pool for each tag were not used in calculations. When signal was detectable in the input pool but below background in the output pool, the ratio was set to 0.001. Error bars indicate one standard deviation above and below the mean. Mixtures of 59 (A), 39 (B), or 31 (C) different mutants were used. Mutants from Table 1 are indicated. Points are colored green if data from both tag1 and tag2 were used in the calculations, red for tag1 only, or blue for tag2 only. (D) Comparison of reproducibility of hybridization and infection dose. The log of the ratio of the output to input hybridization signal for tag1 versus tag2 for the same animal (ϩ) and tag1 versus tag1 and tag2 versus tag2 for different animals ‫)ء(‬ is shown. An infection dose of 10 5 CFU was used for 60 different mutants. Two mutants were not included in Table 1 : 2F12 could not be sequenced, and 2G12 was not analyzed because data for one tag only were available. In vivo and in vitro CIs. The majority of the selected mutants with reduced output signals did not reveal significant reduction in in vitro growth properties and were confirmed to be attenuated (Table 1) . Five mutants (1D9, 1D2, 1D12-1,  4H9 , and 3H10) revealed substantial (more than six times) reduction in CI. In all cases, the genes affected are related to LPS or LPS core biosynthesis. For example, an orthologue to a gene inactivated in 4H10 is located in an operon containing a number of other genes, such as kdtB, waaA, rfaC, rfaD, and rfaF, all related to core biosynthesis. The insert in mutant 3H10 would also inactivate a gene encoding an LPS core-related glycosyltransferase. Inactivation of genes in other mutants of this class may have a dramatic effect on outer membrane stability due to an affect on LPS biosynthesis. In vivo CI figures of less than 0.3 were demonstrated in 14 of 20 cases, confirming the attenuated properties of these mutants.
Characterization of phospholipase A mutant 3F10. Mutant 3F10 contained an insertion into a pldA gene encoding a member of a family of bacterial phospholipases A (4). Given that phospholipases have been identified as virulence determinants in other pathogens but have not been detected in Y. pseudotuberculosis previously, mutant 3F10 was selected for more detailed characterization. The entire pldA gene was sequenced by primer walking. The gene encoded a protein of 282 amino acid residues and was preceded by an AGG Shine-Dalgarno sequence 6 nucleotides from the translation start site. A perfect inverted repeat was found after the termination codon of the pldA gene, indicating the presence of the rho-independent transcription terminator found in other bacteria (5) . The sequence of the Y. pseudotuberculosis PldA protein also contained a Ca 2ϩ binding motif (Gly-X-Gly-Gly) present in other bacterial PldAs (4, 5) . The determined 1,468-bp sequence, including the pldA gene with flanking regions, was found to be 100% identical to the corresponding sequence of Y. pestis (http://www.sanger.ac.uk/Projects/Y_pestis/).
To test whether mutant 3F10 had reduced levels of PldA, we measured phospholipase activity and found that it was significantly reduced: 172 Ϯ 9 U of phospholipase A2/mg of protein compared to 449 Ϯ 27 for the wild-type strain (P Ͻ 0.05). Furthermore, using liposomes to assay phospholipase activity, total cell sonicates of the wild-type strain of Y. pseudotuberculosis caused the lysis of phosphatidylcholine or sphingomyelin liposomes. By contrast, cell sonicates from the pldA mutant showed only 28% of the activity of the wild-type extract towards either phosphatidylcholine or sphingomyelin liposomes. The remaining activity in both assays is probably attributable to other phospholipases present in the bacteria. Indeed, another phospholipase A, YplA, was recently discovered and shown to be essential for virulence in Y. enterocolitica (43) .
In contrast to YplA (an extracellular protein), PldA is likely to be located in the outer membrane. A BLAST search of the Y. pestis sequence database indicated that both the yplA and pldA genes are present in this species. To check the possibility that the residual phospholipase activity in the 3F10 mutant could be the result of the presence of another phospholipase, a PCR was performed using Y. enterocolitica yplA-derived primers. Both Y. pestis (strain CO92) and Y. pseudotuberculosis DNAs gave identical products of the expected size, indicating the presence of a second phospholipase gene in these two Yersinia species (data not shown).
In vivo competition studies revealed significant attenuation of the 3F10 derivative. The CI (CI ϭ 0.01655) obtained in the mixed-infection experiment confirmed that the strain was severely attenuated. However, an in vitro CI of 0.46 Ϯ 0.04 indicated that growth of the mutant was not significantly impaired. Attenuation was also confirmed by the expected MLD determination. The expected MLD of the mutant (1.04 ϫ 10 4 CFU per animal) was approximately 200-fold higher than that of the wild-type strain (51.5 CFU per animal). The expected MLD of the wild-type strain was in good agreement with published data (20 CFU per animal [52] ). These data suggest that PldA is an essential virulence factor in the murine yersiniosis model of infection.
DISCUSSION
Despite being a powerful approach for identification of virulence-related genes, the output of STM generally depends on many different parameters, such as complexity of infection dose, efficiency of hybridization, and variability in animal sensitivity to an infectious agent. We developed a microarray modification of the STM technique allowing the generation of statistically valid output data. The approach allowed the simultaneous identification of several candidate virulence-related genes in Y. pseudotuberculosis. Annotation of the identified genes was assisted by availability of the complete genome sequence of the closely related species Y. pestis. Whereas the genes present in both species were found to be almost identical, five Y. pseudotuberculosis genes identified through STM did not have counterparts in the Y. pestis genome and may contribute to the different tropisms in these closely related infectious agents.
Screening of 603 transposon derivatives resulted in the identification of 31 potentially attenuated mutant genes, 26 of which had similarities in the Y. pestis genome. The disrupted genes included those involved in the transport of iron and other molecules (13%), signal transduction and transcription regulation (13%), as well as the genes with no similarity or with similarity to genes with unknown functions (27%). A third of the genes were related to LPS biosynthesis, similar to that found in the STM study of Y. enterocolitica (13) . Unexpectedly, however, and in contrast to the previously mentioned publication, no genes related to a type III secretion or virulence plasmid were found. For example, despite the importance of YopK of Y. pseudotuberculosis for colonization of both spleen and liver after oral and i.v. infection (23) , none of our mutants contained inserts into this gene. One explanation for this unexpected finding would be an insufficient number of mutants analyzed. However, no mutations affecting YopK were found after screening as many as 2,000 mutants of Y. enterocolitica (13) . As the efficiency of our approach has been validated by the detection of a number of virulence-related genes, including those involved in LPS biosynthesis, the absence of virulence plasmid-related genes among the hits found in this model of infection was surprising. The most likely explanation for not identifying STM plasmid virulence-related genes is that the output pool of STM mutants was selected on CRMOX plates to ensure that mutants identified retained the virulence plasmid.
In this study, we have identified a novel Yersinia phospholipase, PldA, as a virulence determinant of Y. pseudotuberculosis. The wide distribution of this enzyme among the members of the Enterobacteriaceae (5, 41) suggests that this enzyme may play an important role in these organisms. In E. coli, pldA mutants have been shown to have a normal phenotype in vitro (5, 15) , but pldA mutants of any species have not previously been tested in animal models of disease. Our finding that PldA is a virulence determinant of Y. pseudotuberculosis suggests that this enzyme should be evaluated as a virulence determinant in these other pathogens.
The role of the Y. pseudotuberculosis PldA in disease is not clear. Bacterial phospholipases C are considered important virulence factors (reviewed in reference 51), but bacterial phospholipases A have been less well studied. Mammalian cytosolic phospholipases A play a key role in the mediation of inflammatory responses by releasing arachidonic acid from membrane phospholipids (44) . The released arachidonic acid is able to serve as a substrate for the generation of a variety of inflammatory mediators, such as prostaglandins, leukotrienes, and platelet-activating factor (44) . It is thought that bacterial phospholipases C mimic the effects of the mammalian phospholipases A on host cells, resulting in profound inflammatory responses (51) . It seems equally likely that bacterial phospholipases A could elicit these effects on host cells. The bacterial phospholipases A might also contribute to the invasion of host cells.
It has recently been shown that PldA of Helicobacter pylori is essential for colonization of gastric mucosa (16) . It may also be significant that Pace et al. (33) showed that a rapid increase in the levels of free intracellular calcium ions and activation of phospholipase A2 and 5-lipoxygenase in cultured epithelial cells were required for invasion by Salmonella enterica serovar Typhimurium. These enzymes appeared to be associated with leukotriene production by these cells. The addition of the leukotriene D4 to Henle-407 cells caused both an increase in calcium ions and the internalization of an invasion-defective mutant of S. enterica. It is proposed that the phospholipases A involved in this process are of eukaryotic origin, but it seems possible that surface-bound bacterial enzymes could also contribute to this process.
The PldA that we have identified is not similar to the YplA phospholipase A of Y. enterocolitica that is essential for virulence in Y. enterocolitica (43) , as they have no sequence similarity. Also, whereas YplA is an extracellular enzyme, PldArelated proteins are outer membrane proteins (3). The pldA and yplA genes are found in both the Y. pseudotuberculosis and Y. pestis genomes. Our finding that inactivation of the pldA gene in Y. pseudotuberculosis resulted in significant reduction but not complete elimination of phospholipase activity suggests that the residual phospholipase A activity in the mutant may be attributable to YplA. Our findings also indicate that the pldA gene encodes a phospholipase which is active towards both phosphatidylcholine and sphingomyelin. These phospholipids are the major phospholipid components of the outer leaflet of eukaryotic cell membranes. Since the liposome assay presented phospholipids to the enzyme which were packed in a form similar to that found in cell membranes, it is possible that the PldA enzyme we have isolated would be active towards host cell membranes. A similar reduction in activity towards phosphatidylcholine and sphingomyelin liposomes was found in a whole-cell extract from the pldA mutant. This is consistent with a single enzyme's catalyzing both reactions. Our finding that residual phospholipase activity was detected in cell extracts from the pldA mutant is also consistent with the presence of a second phospholipase in Y. pseudotuberculosis. However, the fact that the pldA mutant showed a 200-fold reduction in the expected MLD indicates that the two phospholipase A activities are not simply a result of redundancy and do not complement each other.
A number of Y. pseudotuberculosis genes identified in this study are related to LPS, and more specifically, to O-antigen biosynthesis (e.g. manC, fcl, wbyJ, and ddhB). A significant proportion of virulence-related genes identified by STM of Y. enterocolitica (13) and V. cholerae (9) were also found to be LPS related. One of the functions of the O-antigen is thought to be to enhance survival of enteric pathogens in the gastrointestinal tract (38) . In support of this suggestion, an O-antigen mutant of Y. enterocolitica has been shown to be 50-fold less virulent than the wild-type strain when given orally to mice (2) . Also it has been shown that a rough mutant of Salmonella enterica var. choleraesuis was attenuated by the oral but not by the i.v. route of challenge.
In Y. pestis, which is transmitted to humans by flea vectors or by the inhalation route, many of the O-antigen biosynthesis genes (including fcl and ddhB) are inactivated, resulting in a rough phenotype (36, 50) . These mutations have been suggested to be a consequence of the change in life style from the ancestral Y. pseudotuberculosis strain (50) . Our studies were carried out with Y. pseudotuberculosis administered by the i.v. route and clearly indicate that the O-antigen is important for infection by this route, probably because of the protection afforded against complement-mediated lysis (38) . Therefore, it seems likely that the loss of the O-antigen by Y. pestis is not simply a consequence of the change in life style from an enteric to a blood-borne pathogen. Since Y. pestis is clearly able to cause infection when given by the i.v. route, it seems likely that other mechanisms have evolved to allow survival in the host.
The identification of 31 potential attenuating strains among 603 tagged transposon mutants is higher than that reported in the majority of STM studies. The higher hit rate achieved in this study may result from the modifications to the standard STM procedure. These include the use of double-tagged minitransposons and quantitative hybridization analysis using Affymetrix oligonucleotide microarray technology. The use of selected double tags further increases the reliability of the procedure. This set of optimized 96 double-tagged transposons cloned on a suicide vector can be used in construction of mutants of other microorganisms. Furthermore, the technique offers automaton and quantitative analysis of the data. In addition to studying tagged microbes in animal models, the increased reliability and sensitivity of quantifying tagged microbes described here should facilitate the application of STM to the population dynamics of microbes in other complex environments, such as biofilms, mixed cultures, and food. 
